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Thermal Shifts of the Spectral Lines in the *F; /2 tO y /> Manifold of an
Nd: YAG Laser

SHAO ZHONG XING anp J. C. BERGQUIST

Abstract—We report the thermal shifts of eleven of the twelve lines
from the ‘FJ/2 Stark energy levels to the *I,,,, energy levels in an
Nd:YAG laser for a temperature change from 20-200°C. The thermal
shift difference between the Stark sublevels R,, R, in *F; , is found to
be about ~0.6 + 0.6 cm™'/100°C. Within our experimental uncer-
tainty, all of the lasing lines either moved to longer wavelength or re-
mained unchanged with increasing temperature.

INTRODUCTION

ECENT advances in high-power diode lasers have led

to extremely efficient, CW operation of neodymium-
doped crystal and fiber lasers [1]-[3]. There have also
been important strides toward low threshold operation of
miniature hybrid and monolithic neodymium-doped lasers
[1], [4], [5]. These devices have inherently much better
mode quality and frequency stability than the diode lasers
used as the pump sources. Additionally, several new non-
linear crystals that are used to double these lasers into the
visible have been developed with good optical quality and
large nonlinear coefficients [6]-[8].

For these reasons, interest in these devices as ultrasta-
ble frequency sources near 1 and 0.5 um is strong. While
there are few atomic and molecular transitions near 1 um
with suitably narrow linewidths to which to lock a laser,
there are many such transitions in the visible. One very
attractive candidate that we are investigating is the 54 1°6s
28,,-5d°6s? 2D5 /2 transition in a single laser-cooled Hg*
ion near 281 nm (1.126 um =+ 4) [9], [10]. This transi-
tion has a natural linewidth of about 1.7 Hz [10], [11]. A
laser that has been spectrally narrrowed to less than 1 Hz
and tuned to this wavelength could be stabilized to this
transition to better than 1 x 107!, The accuracy of such
a frequency standard should also exceed 1 x 107" [12].

We have begun to study various neodymium-doped
crystals and fibers to determine their suitability as narrow-
band radiation sources whose fourth harmonic could be
tuned to match the transition frequency in Hg*. Unfor-
tunately, the neodymium-doped crystal laser and bulk
glass lasers are generally not tunable by more than a few
wavenumbers at any temperature. But some of the tran-
sitions do tune by as much as several wavenumbers per

Manuscript received March 9, 1988; revised April 20, 1988. This work
was supported in part by the U.S. Air Force Office of Scientific Research
and by the Office of Naval Research.

S. Z. Xing is with the Changchun Institute of Optics and Fine Mechan-
ics, Changchun, China, on leave at the Time and Frequency Division, Na-
tional Bureau of Standards, Boulder, CO 80303.

J. C. Bergquist is with the Time and Frequency Division, National Bu-
reau of Standards, Boulder, CO 80303.

1IEEE Log Number 882227.

100°C change in temperature (generally to lower frequen-
cies). In this letter we report on our measurements of the
thermal shifts of the spectral lines in the *F; /2 tO I /2
manifold of a neodymium-doped, yttrium-aluminum-
garnet (Nd: YAG) laser. Although the linewidths, spec-
tral lineshapes, and thermal shifts of several lines of
Nd: YAG have been studied both theoretically and exper-
imentally [13]-[20] we were able to measure the thermal
shifts of all the laser lines in this manifold with the ex-
ception of the weak R,-Y, transition near 1.0551 um.
Thereby we were able to do a comprehensive study of the
temperature dependence of these lines in the temperature
range from 20-200°C.

EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. Although
we used a ring laser cavity, the oscillation of the laser was
bidirectional. The radius of curvature of the concave mir-
rors M, and M, was 10 cm, and of M;, 15 cm. M, was
flat. To ensure that all the lines from the ‘Fj /2 manifold
to the I, /» manifold would oscillate, all the mirrors were
highly reflecting from 1.0-1.15 pm. The 5 mm diameter
by 10 mm long Nd: YAG crystal was cut at Brewster’s
angle for low loss and ease of cleaning. The crystal was
placed in the 80 ym beam waist between mirrors M, and
M;. The cavity was adjusted to nearly compensate for the
astigmatism introduced by the crystal. The Nd:YAG
crystal was end pumped by laser light near 750 nm that
was focused through mirror M;. M; was nearly 90 percent
transmitting at 750 nm. The pump laser was a ring dye
laser pumped by a krypton ion laser. The output radiation
from the dye laser could be tuned from 735 to 800 nm
with as much as 600 mW of power. The oven for the crys-
tal was made of aluminum and was heated by a 15 W
thermal plug-heater. A chromel-alumel thermocouple
monitored the temperature of the oven. The birefringent
filter (BF) consisted of a single quartz plate approximately
5 mm thick. The monochromator is a 0.8 m focal length
scanning monochromator with a 150 lines/mm grating
blazed for an 8 um wavelength. A 40 pm slit was gener-
ally used in the entrance plane of the monochromator. In
the exit plane of the monochromator, a diode array with
a resolution of 25 um was used to receive and display the
spectrum signal on an oscilloscope.

EXPERIMENTAL RESULTS

The twelve possible transitions from the upper *F, /2
manifold to the lower *I;,/, manifold in Nd: YAG are
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Fig. 1. The setup used to measure the thermal shifts of spectral lines in
Nd: YAG laser. The ring laser consists of mirror, M,, M,, M;, and M,,
a single plate birefringent filter (BF), and an Nd:YAG crystal. The
Nd: YAG crystal is housed in an oven that can be heated from room
temperature to =200°C. The crystal is axially pumped by up to 600 mW
of power from a ring dye laser tunable near 750 nm. A diode array in
the exit plane of the 0.8 m focal length monochromator receives and
displays the signal on a scope.

Monochromator

shown in Fig. 2. Customarily, the Stark sublevels are la-
beled with increasing energy as R, and R, in the *F, /2
manifold and as Y, and ¥; in the I, /> manifold. The ring
laser oscillated on all of the transitions with the exception
of the R,-Y, transition near 1.0551 um. Some of the light
from the Nd : YAG laser that escaped through M, was di-
rected into the monochromator. The diode array in the
exit plane of the monochromator made it possible to mon-
itor the thermal shift and gain width of each transition
casily. The array had 512 diodes and a resolution of 25
pwm. To make a thermal shift measurement, the mono-
chromator setting was adjusted until the signal was cen-
tered on the diode array. This setting was noted and the
birefringent filter was then adjusted to allow another tran-
sition to oscillate. By tuning the birefringent filter over
the line to find the maximum power, we could roughly
determine line center. The monochromator setting was
changed to bring the diffracted signal for the wavelength
of this transition to the center of the diode array and this
setting was noted. Several readings for all eleven transi-
tions were taken at one temperature, then the oven tem-
perature was changed, and the entire process repeated. On
most lines, the line center could be measured to only a
few tenths of a wavenumber. This limitation was not due
to poor signal-to-noise ratio but rather due to large asym-
metries in the line. Some of these asymmetries were
caused by fundamental asymmetric-broadening mecha-
nisms in the crystal [13]). But the more difficult problem,
because of our inability to properly characterize it, was
the fact that the different transitions competed to oscillate.
Before fully tuning across any line, the laser was likely to
jump to another transition. The wavelength at which the
jump occurred depended on the birefringent filter posi-
tion, the mirror reflectances and losses at the various
wavelengths, and the gain profile of the different transi-
tions. Because of this systematic uncertainty, the line cen-
ters could not be located to better than +0.5 cm™!.

In Fig. 3 the thermal shifts of the eleven transitions that
lased are plotted as a function of temperature from 20 to
200°C (solid lines). For all lines except the R;-Y, tran-
sition at 1.0779 pm and the R, — Y, transition at 1.0682
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Fig. 2. A simplified optical energy level diagram showing the 4F3/2 man-
ifold and the "l,l/z manifold in Nd: YAG. The twelve possible infrared
transitions from the upper two Stark sublevels (R,, R,) to the lower six
Stark sublevels (Y, — Y;) are also indicated.
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Fig. 3. Plot showing the variation in the wavelength for maximum laser
power as a function of Nd : YAG crystal temperature for all 12 lines from
the *F;/, manifold to the *I,,,, manifold. The dotted line is the deduced
temperature variation for the R, — Y, transition at 1.0551 um that did
not oscillate.

pm, the shifts appear to vary linearly with temperature.
The strongly nonlinear thermal movement of these two
lines is due to the shift and broadening with temperature
of the Y, Stark sublevel. In Table I we list the thermal
shifts of all the transitions giving an endpoint-to-endpoint
average shift for the R,, R, — Y, transitions. From our
work there is fivefold redundancy in determining the rel-
ative thermal shift of the R, and R, levels (in principle,
there would be sixfold redundancy but this is reduced by
1 since the R, — Y, line did not oscillate). While our
results are not inconsistent with a zero relative tempera-
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TABLE I
THERMAL SHIFTS OF THE TRANSITIONS BETWEEN THE STARK ENERGY
SUBLEVELS IN THE 4[73/2 MANIFOLD AND IN THE */,, /, MANIFOLD, AND THE
RELATIVE THERMAL SHIFT OF THE R| AND R, STARK LEVELS SHIFT IN AN
Nd: YAG LASER

“
Iiig2

Y Y, Yy Y, Ys Yg

Wavelength(um)|1.0615 1.0646 1.0738 1.1161 1.1225

Ry

Thermal shift

(em™1/100°C) -3.0 -3.3 -3.5 -6.1 0.0 0.0
“Fyja

Wavelength(um)|1.052 1.0551 1.0641 1.0682 1.1055 1.1121

Ry

Thermal shift

(cm™!/100°C) -4.0 (-4.3) -4.6 -7.0 0.0 0.0
Relative thermal -1.0 (-1.0) -1.1 -0.9 0.0 0.0
shift between R; & R,
(em™!/100°C)

ture shift between R; and R,, there is an indication of a
small linear separation of these levels with increasing
temperature. This possibility was also noted in [3]. There
is twofold redundancy in determining the relative ther-
mal shift of any pair of Stark sublevels in the lower *1,, /2
level. These redundancies provide a self-consistency
check of the relative movement of the Stark sublevels in
each manifold. Thus, we are able to predict the thermal
shift of the weak R, = ¥, 1.0551 um transition to be ap-
proximately —4.3 ¢m™'/100°C. This is plotted as the
dashed line in Fig. 2.

Fig. 3 shows that for those lines with shorter wave-
length (and stronger intensity), the 1.052, 1.0615, 1.0641,
and 1.0738 um lines, the thermal shifts are roughly linear
and the shift difference in each pair is consistent. The
1.052 pm line moves about —7.3 cm™! from room tem-
perature to 200°C or about —4.0 cm™'/100°C. This is in
agreement with the shift measured by Kushida [13]. The
1.0615 pm line moves about —3.0 cm ™' for a temperature
change of 100°C. This compares to the —2.7
cm”'/100°C thermal variation measured by Marling [14]
and to the —3.8 cm~'/100°C temperature shift measured
by Kushida [13]. Thus the relative shift with temperatures
of the R, and R, Stark levels is about —1 cm™'/100°C
from this pair of transitions. Almost the same relative
thermal shift is obtained for the pair consisting of the
1.0641 pm line (R,-Y3) and the 1.0738 um line (R,-Y3).
The 1.0641 pm transition moves about —4.6
em™'/100°C and the 1.0738 um transition moves about
—3.5 cm~'/100°C. Thus, this pair indicates a relative
shift of about —1.1 cm™~'/100°C between the R, and R,
Stark levels.

From these two pairs of lines, it would appear that the
R, sublevel in the “F, /> manifold moves to a lower energy
with increasing temperature about 1 cm™'/100°C faster
than the R, level. However, for the lines at 1.1055 um
(Ry-Y5), 1.1121 pm (R,-Yy), 1.1161 um (R,-Ys) and
1.1225 pm (R;-Ys) we measured almost no shift for a
change of nearly 200°C in temperature. Thus, these lines
indicate that R, and R, shift with temperature at nearly the
same rate.

The thermal shift of the 1.0682 um line (R,-Y;) and of
the 1.0779 um line (R,-Y,) are strongly nonlinear in this
temperature range. Thus it is difficult to determine the rel-
ative shift of R, and R, from this pair. As stated earlier,
we did assign an endpoint-to-endpoint average shift for
these two lines. This result and the thermal shifts for the
remaining transitions are summarized in the table. By as-
signing equal weight to each of the measured shift differ-
ences, we could average our results to give a relative ther-
mal shift of —0.6 + 0.6 cm™'/100°C between Stark
sublevels R, and R,. The error of +0.6 cm™'/100°C in-
cludes both the statistical and the systematic uncertain-
ties.

DiscussioN

There are a number of reasons the various transitions in
the *F, Y I /» manifold have different measured ther-
mal shifts. The crystalline field at the site of the impurity
Nd ion is a function of the local strain. When this strain
is dynamically produced by the lattice vibrations, the in-
teraction between the Nd ion and the local crystalline field
causes temperature-dependent broadenings and shifts of
the energy levels of the ion. The thermal behaviors of
linewidths and line positions are frequently dominated by
this dynamic phonon-impurity interaction not only in the
Nd:YAG crystal but in other impurity : crystalline hosts
as well [13]. The crystalline field strength can also be
changed by thermal expansion of the crystalline lattice,
but this appears to be a minor contribution to the thermal
shifts and broadenings in hard crystals such as Nd: YAG
[13]. When the temperature of the crystal is increased,
energy levels and hence, spectral lines, broaden as the
higher phonon states are occupied. Usually, the phonon-
impurity interaction lowers an energy level and usually
the dependence with temperature of higher levels is larger
than for lower levels because of smaller energy denomi-
nators. As a result, the spectral lines are generally ex-
pected to move to the longer wavelengths when the tem-
perature is increased [13]. This general feature is
confirmed by our experimental results.

We also observed that the longer the wavelength the
wider the linewidth and the more complex the thermal
shift. The shorter wavelength lines have relatively narrow
and symmetrical lineprofiles (Av ~ 5 cm™ ') that broaden
only slightly with temperature. Therefore we can deduce
that both of the upper Stark levels R, and R, and the lower
Stark levels Y,, Y,, Y; remain spectrally narrow in the
temperature range from 20-200°C. We also found the
shift of these transitions to be simply linear in this tem-
perature range. The intermediate-wavelength transitions
have a wider and asymmetric line profile (A» = 10
cm“l), and from the arguments above, that implies that
the Y, Stark level is =5 cm ™! wider than Y;, Y5, and Y;.
The fact that the transitions that terminate on the Y, Stark
level move in a nonlinear fashion with temperature in our
measurement range might be explained by the asymmet-
rical thermal broadening of the Y, level. While some of
the thermal broadening mechanisms give rise to a sym-
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metrical line shape, other mechanisms, such as the direct,
single-resonant-phonon interaction, cause asymmetric
broadening [13]. If the line profile, first broadened asym-
metrically to the red ( ~80°C) because of the thermal be-
havior of the Y, level, then the measured line shift would
appear to move strongly toward the red. If later
( ~150°C) the broadening becomes more symmetric (or
asymmetric to the blue) then the rate of the red shift would
decrease.

The longest wavelength transitions have the widest
linewidths (A» = 13 cm™!) among all the transitions be-
tween the *F; /2 and I, /2 manifolds. Thus the Y5 and Y
Stark sublevels are the broadest in the “I;, /» manifold.
Hence the thermal shifts of these transitions are somewhat
obscured by the thermal broadening over our relatively
small change in temperature. Clearly these upper energy
levels in the lower Stark manifold generally move with R,
and R, with change in temperature. These results are in
basic agreement with earlier work on the thermal shift of
some of these transitions [13]-[18].
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